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[57] ABSTRACT

A system for synthesizing strip-multiplexed holograms,
with or without coherent light, from a plurality of two-
dimensional images. The two-dimensional images may
be formed by a motion picture film of a rotating subject
such that each image is a view of the subject from a
different angle. The images are then non-diffusely and

anamorphically projected by a lens system which com-
presses the image in a first direction and expands the
image in a second direction orthogonal to the first direc-
tion. The projected image or object beam is then super-
imposed on the reference beam by a lens-beamsplitter
which transforms the substantially planar object beam
into a substantially cylindrical wavefront and projects it
and the reference beam onto a holographic recording
medium. As each two-dimensional image is sequentially
projected, the holographic recording medium is shifted
so that a plurality of laterally displaced strips are re-
corded. Alternate embodiments of the system utilize a
holographic diffraction grating which is contact printed
by means of the object beam onto the holographic re-
cording medium instead of a reference beam to produce
an interference pattern, a video projection system in-
stead of a cinema film projection system, a three-color
image of coherent or nondiffuse light instead of a mono-
chromatic image, and/or three separate holographic
diffraction gratings produced by three different mono-
chromatic sources of coherent light instead of a single

" holographic diffraction grating in order to produce

multicolor holograms, or a reference beam or reflective
surface relief diffraction grating or Fresnel mirror be-
hind the holographic recording medium for synthesis of
reflection holograms instead of transmission holograms.
The system is capable of synthesizing image plane holo-
grams by using a variety of disclosed processes. Tech-
niques are also disclosed for synthesizing holograms
which can be displayed flat and illuminated with a point
light source without introducing image distortion.

60 Claims, 31 Drawing Figures
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SYSTEM FOR SYNTHESIZING
STRIP-MULTIPLEXED HOLOGRAMS

This is a continuation of application Ser. No. 716,463,
filed Aug. 23, 1976 now U.S. Pat. No. 4,206,965.

BACKGROUND OF THE INVENTION

1. Field of the Invention
This invention relates to holography and, more par-
ticularly, to a system for generating strip-multiplexed
transmission or reflection holograms.
2. Description of the Prior Art
Strip-muitiplexed holograms are formed by a plural-
ity of narrow, holographic images recorded on holo-
graphic recording medium in a plurality of laterally
displaced, adjacent strips. Many of the techniques for
making strip-multiplexed holograms have been devel-
oped by the Multiplex Company of San Francisco. In
their system, an ordinary black and white motion pic-
ture film is made of a slowly rotating subject such that
the film frames contain views of the subject taken from
all angles around the subject. The cinema film is pro-
jected by a projector having a laser light source
through a large spherical lens and a large cylindrical
lens placed directly beyond the spherical lens. The large
lenses bring the image to a line focus near the surface of
a sheet of holographic recording medium mounted in a
film transport. A fan-shaped reference beam, originat-
ing at a point directly above the cylindrical lens, is
projected onto the holographic recording medium so
that the reference beam is superimposed upon the line
focus of the image or object beam. The interference
pattern formed by the superposition of the image modu-
lated object beam and the reference beam near the line
focus of the image is recorded on the sheet of holo-
graphic recording medium mounted on an incremen-
tally driven movable platen. Each frame of the motion
picture film is thus recorded as a vertical strip holo-
gram, and the full sequence of frames is recorded as a
series of adjacent, laterally spaced strip holograms on
the holographic recording medium. The resulting com-
posite hologram is viewed by bending it into a cylindri-
cal shape and placing a point source white light such as
a small, bright, incandescent bulb, on the axis of the
cylinder in a position corresponding to the position of
the reference beam source relative to the holographic
recording medium when the hologram was recorded.
The resulting composite image is an accurate three-di-
mensional reconstruction of the subject without vertical
parallax and in rainbow colors. Geometrically, the ho-
logram formed by this prior art method is approxi-
mately equivalent to the white light viewable “rainbow
hologram” developed around 1969 by Steve Benton of
Polaroid Corporation wherein white-light viewability is
obtained by restricting monochromatic viewability to a
thin horizontal line as illustrated in U.S. Pat. No.
3,633,989. Further techniques for forming composite
holograms which are not viewable in white light, are
described in “Optical Holography” by Collier, Burck-
hardt and Lin, Academic Press 1971. A further devel-
opment of the above described system of the Multiplex
Company allows synthesizing strip-multiplexed holo-
. grams without the use of a reference beam. According
to this method, a holographic diffraction grating is syn-
thesized by projecting an unmodulated object beam and
the reference beam onto the holographic recording
medium. The diffraction grating thereby produced is
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then placed in contact with the holographic recording
medium, the reference beam is removed, and the se-
quence of images (the object beam) is projected as be-
fore, each image serving to spatially amplitude-modu-
late the blank frame holographic diffraction grating
which is thus contact printed onto the holographic
recording medium in a series of laterally displaced verti-
cal strips. The result is a synthesized holographic three-
dimensional image having a quality comparable to im-
ages previously made on holographic recording me-
dium using a reference beam.

While the developments of the Multiplex Company

represent a significant advance in the state of the art, the
system nevertheless exhibits several disadvantages and
problems. The large spherical and cylindrical lenses in
the system are only suitable for producing one size of
synthesized hologram without introducing distortions.
To scale up the system to relatively large holograms,
for example, larger than 50 centimeters, very large
spherical and cylindrical lenses are required which are
prohibitively expensive, cumbersome and hence im-
practical. Furthermore, the lens geometry required by
the necessity that the reference beam originate along
the axis of the object beam cylindrical lens prohibits
certain configurations of the reference beam and certain
positions of the reference beam relative to the image.
" The input systems for strip-multiplexed holography
have generally been limited to cinema film projectors.
Therefore, prior art strip-multiplexed hologram systems
are not suitable for applications where a short recording
time is required such as, for example, in medical diag-
noses. No provision has been made in the past for image
generation using a video projection kinescope or an
image convertor such as the Itek PROM.

Other problems associated with prior strip-multi-
plexed hologram synthesizers is that they have no pro-
vision for producing holograms viewable without dis-
tortion in a flat display mode using a point illumination
source. The prior systems do not process the object
beam to produce higher quality images such as may be
produced by using spatial filtering at the Fourier plane
for image enhancement or reduction of the effects of
grain in the image, or by using electronic image en-
hancement in connection with a video projector. -

SUMMARY OF THE INVENTION

It is an object of this invention to provide a system
capable of synthesizing relatively large strip-multi-
plexed holograms and capable of synthesizing strip-mul-
tiplexed holograms over a wide range of sizes.

It is another object of this invention to provide a
system for synthesizing strip-multiplexed holograms
without the use of large and hence expensive lens sys-
tems.

It is another object of this invention to provide a
system for synthesizing strip-multiplexed holograms
which is easily adapted to various image generating
techniques, which is capable of synthesizing both trans-
mission and reflection holograms, which is capable of
synthesizing flat holograms viewable with a point light
source without distortion, and which is capable of syn-
thesizing multicolor strip-multiplexed holograms.

Another object of this invention is to provide a sys-
tem for synthesizing strip-multiplexed holograms which
allows a great deal of flexibility in orienting the refer-
ence beam with respect to the object beam.
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It is still another object of the invention to provide a
system for synthesizing strip-multiplexed holograms
without the use of a reference beam.

It is a further object of this invention to provide an
optical device which simultaneously shapes an anamor-
phic image bearing wavefront into a substantially cylin-
drical wavefront, and superimposes a reference beam
onto the cylindrical wavefront.

It is a still further object of this invention to provide
a system for transforming conventional multiplexed
holograms into image plane holograms.

These and other objects of the invention are provided
by sequentially projecting a plurality of two-dimen-
sional images of coherent or nondiffuse light through an
anamorphic lens system positioned directly beyond the
image projector so that the image is compressed along a
first axis and expanded along a second axis orthogonal
to the first axis. Since the anamorphic lens system is
placed relatively close to the cinema film, the cross-sec-
tional area of the image or object beam is relatively
small at the lens system thereby allowing the use of
relatively smali lenses. The narrow object beam is then
projected a relatively large distance to an axially elon-
gated cylindrical lens placed directly before the holo-
graphic recording medium. The cylindrical lens focuses
the object beam to a narrow strip on the film. For each
sequentially projected, two-dimensional image, the ho-
lographic recording medium is sequentially shifted in a
direction perpendicular to the recorded strip so that a
plurality of parallel, laterally displaced strips are re-
corded on the film. In one embodiment, the cylindrical
lens includes an elongated beamsplitter parallel to the
elongated cylindrical lens. This structure performs two
functions: it forms a substantially planar object wave-
front into a substantially cylindrical wavefront, and it
superimposes a reference beam incident from the side
onto the cylindrical wavefront. In this regard, the term
“planar wavefront” is used to mean any wavefront that
has traveled a substantial distance from a relatively
small source, while “cylindrical wavefront” is used to
mean any wavefront that converges to a line focus.

Another embodiment includes an anamorphic projec-
tion system in connection with a holographic diffrac-
tion grating to contact-print each strip hologram in the
form of a holographic diffraction grating spatially mod-
ulated by the projected anamorphic image, onto a holo-
graphic recording medium without the use of a refer-
ence beam.

BRIEF DESCRIPTION OF THE FIGURES OF
THE DRAWINGS

FIG. 1 is an isometric view illustrating one embodi-
ment of the system for synthesizing strip-multiplexed
holograms using a reference beam.

FIG. 2 is an isometric view of a system for synthesiz-
ing strip-multiplexed holograms using a contact-printed
holographic diffraction grating instead of a reference
beam. :

FIG. 3 is an isometric view of a system for synthesiz-
ing strip-multiplexed holograms utilizing a horizontal
holographic recording medium transport and a video
projection kinescope for spatially modulating the object
beam.

FIGS. 4A—4E are an isometric pictoral illustrating
several anamorphic lens systems which may be em-
ployed in the synthesizing systems of FIGS. 1-3 includ-
ing, in FIG. 4E, a spatial filter 51 placed at a focus in the
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beam path to selectively attenuate particular spatial
frequencies in the image.

FIGS. 5A-5L are isometric views illustrating several
lens beamsplitter structures which may be utilized in the
synthesizing systems of FIGS. 1 and 3.

FIG. 6 is an isometric view of a device for varying
the orientation of the reference beam with respect to the
object beam and holographic recording medium which
is utilized to synthesize strip-multiplexed holograms
which are viewable without distortion in a flat plane
when illuminated by a point light source.

FIG. 7 is an isometric view illustrating a technique
for synthesizing image-plane holograms by the process
of image plane transfer.

FIG. 8 is a schematic illustrating a technique for
synthesizing image-plane holograms by recomposing
the two-dimensional images forming the object beam.

FIGS. 9A-9C are schematics illustrating the geomet-
ric concept by which image-plane holograms are syn-
thesized according to the technique illustrated in FIG.
8.

FIG. 10 is a schematic illustrating the studio tech-
nique by which cinema films are made for synthesizing
strip-multiplexed image plane holograms.

FIG. 11 is a schematic illustrating a typical single
cinema frame recorded by the technique illustrated in
FIG. 10.

FIG. 12 is an isometric view illustrating an embodi-
ment of the system for synthesizing strip multiplexed
black and white or multicolor reflection or transmission
holograms using a variable reference beam geometry,
an incoherent-to-coherent convertor, and a mechanism
for shifting the image amplitude information relative to
the phase information.

FIG. 13 is an isometric view illustrating an embodi-
ment of the system for synthesizing strip multiplexed
black and white or multicolor reflection or transmission
holograms using a diffraction grating or volume holo-
gram reflecting and transforming means instead of a
reference beam.

FIG. 14 illustrates a glass plate and transport mecha-
nism with a plurality of diffraction gratings or volume
holograms mounted thereupon.

DETAILED DESCRIPTION OF THE
INVENTION

One embodiment of the invention utilizing a cinema
film projector 12 to modulate the object beam is illus-
trated in FIG. 1. The cinema film 14 is made by placing
a subject on a turntable rotating at a constant speed and
photographing the subject with a cinema camera run-
ning at a constant speed. Each frame of the resulting
cinema film 14 is a view of the subject taken from a
different angle. The film is placed on a film transport
mechanism including a plurality of rollers 16,18,20, 22
two of which, 18,20, are rotatably driven and advance
the film 14 by means of sprockets on their outer phe-
riphery which mate with equally spaced sprocket holes
on the film 14. Film transport systems of similar func-
tion are conventionally used with virtually all types of
cinema projection equipment. Coherent, nondiffuse
light from a laser unit 24 is coupled to the projection
unit 12 through a shutter 26, a mirror 28 and a beam-
splitter 30. A laser beam emerging from the beamsplitter
30 is aligned with the projection axis of the projector 12
by a mirror 32 and passes through a short focal length
lens 34 such as a microscope objective which causes the
beam to converge. After passing through a pin hole
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filter 36 which removes coherent noise from the beam,
the beam diverges and passes through the cinema film
14 and is projected by an anamorphic lens system 38.

The anamorphic lens system 38 compresses the beam .

horizontally while expanding it vertically so that the
object beam is transformed to a narrow vertical strip.
Various anamorphic lens systems which may be em-
ployed are illustrated in FIG. 4. In FIG. 40 and FIG. 1,
the diverging beam 40 passes through the film 14 and is
focused to a line by a cylindrical lens 42. A spherical
lens 44 placed beyond the focal length of the lens 42
causes the beam to diverge along a vertical axis but does
not expand the beam substantially along the horizontal
axis. Other anamorphic lens systems include a single
cylindrical lens 46 beyond the film 14 (FIG. 4b), a
spherical lens 48 positioned in front of the film 14 fol-
lowed by a cylindrical lens 46 (FIG. 4c¢), projecting the
image from the film 14 through a spherical lens 48 and
then through a cylindrical lens 46 (FIG. 4d) and placing
the film 14 between a pair of spherical lenses 50 fol-
lowed by a cylindrical lens 52 (FIG. 4e). Other anamor-
phic lens systems can also be employed. By placing the
lens system 38 directly in front of the projection system
12, the beam is transformed at a point where the cross-
sectional area of the beam is relatively small, allowing
the use of relatively small lenses. Prior art systems
which place the lens system 38 a substantial distance
from the projection system 12 and at a point where the
beam has diverged significantly require the use of much
larger lenses in their anamorphic lens system. The nar-
row, vertically oriented beam is projected from the lens
system-38 to an axially elongated vertical, cylindrical
lens 54 which forms the beam into a cylindrical wave-
front and projects it onto a sheet of holographic record-
ing medium 56.

It is advantageous to separate the anamorphic image
projection components of the total optical system from
those components which form the cylindrical object
wavefront recorded on the holographic recording me-
dium because the separation allows use of much less
bulky and expensive lenses than would be otherwise
required if, for example, the cylindrical wavefront and
the anamorphic image were formed from an enlarged
image by a single large cylindrical lens as in the Multi-
plex Company’s system.

The beamsplitter 30 in FIG. 1 is of a conventional
variety including, for example, a pair of prisms 30a,6
separated by a partially reflective, partially transmissive
surface 30c so that two beams emerge from the beam-
splitting 30. The beam projected onto the mirror 32
becomes the object beam while the other beam emerg-
ing from the beamsplitter 30 subsequently becomes the
reference beam. The reference beam is aligned with the
axis of a reference beam projector 58 by a pair of mir-
rors 60,62. The reference beam projection system 58
may include, for example, a short focal length lens 64,
such as a microscope objective, which causes the beam
to converge, a pinhole filter 65, and a cylindrical lens 66
in approximately confocal relationship with the short
focal length lens 64 which projects the reference beam
onto the lens-beamsplitter 54 as a narrow, vertical strip.

The structure of various embodiments of the lens-
beamsplitter are illustrated in FIG. 5. In the simplest
form (FIGS. 1, 5a), the lens-beamsplitter 54 includes a
pair of elongated triangular prisms 54a,54b separated by
a partially reflective, partially transmissive layer 54c. A
cylindrical lens 544 is secured to one face of the prism
545 for transforming the object wavefront from the
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anamorphic lens system 38 to a substantially cylindrical
wavefront and focusing it to a narrow strip. The nar-
row, cylindrical wavefront is then transmitted onto the
film 56 through the partially transmissive surface 54c.
The reference beam from the reference beam projector
58 is incident on the sidewall of prism 54 and is re-
flected in the general direction of the object beam by
the partially reflective surface 54c. Thus, the reference
beam is superimposed onto the object beam at the sur-
face of the film 56. The remaining lens-beamsplitter
structures illustrated in FIG. 5, similarly modify and
redirect the object and reference beams to superimpose
them according to well known principles of optics
which are familiar to one skilled in the art.

As the object and reference beams are superimposed
on the holographic recording medium 56, the interfer-
ence pattern thereby produced along a narrow, vertical
strip is recorded. The strip hologram is actually a spatial
modulation of the amplitude of the interference pattern
formed by the reference beam and the unmodulated
cylindrical object beam. The holographic recording
medium 56 is carried by a film transport system includ-
ing a takeup roller 70, a supply roller 72 and 2 rotatably-
mounted platen 74. The takeup roller 70 and platen 74
are periodically rotated by discrete amounts by conven-
tional drive systems such as stepping motors (not
shown). The lens-beamsplitter 54 services a dual pur-
pose. First, as mentioned above, it forms the wavefront
of the anamorphic projected image into a substantially
cylindrical converging wavefront. Second, it permits
superposition of a reference beam of arbitrary orienta-
tion onto the focal line of the converging wavefront. A
cylindrical Fresnel lens may also be used instead of the
cylindrical lens portion of the lens-beamsplitter 54.

In a typical operating mode of the system for synthe-
sizing strip-multiplexed holograms of FIG. 1, the cin-
ema projector 12 advances the film 14 to the next frame
and the holographic recording medium 56 is advanced a
discrete increment while the shutter 26 is closed. After
a predetermined time during which system vibrations
damp out, the shutter 26 is opened for a predetermined
time to project the object beam and reference beam
onto a narrow strip of the holographic recording me-
dium through the lens-beamsplitter 54. The shutter 26 is
then closed, the cinema film 14 is advanced to the next
frame, the holographic recording medium 56 is incre-
mentally advanced and the next hologram strip is ex-
posed. There are many useful variations on this se-
quence, including multiple exposures and multiple holo-
graphic recording medium advances per single cinema
frame advance. The resulting strip-multiplexed holo-
gram is viewed by bending it into a cylindrical shape
and illuminating it with a point light source such as a
small, incandescent light bulb placed along the axis of
the cylinder in a position corresponding to the position
of the reference beam relative to the holographic film
source in the system of FIG. 1. A clear three-dimen-
sional image of the subject appears in the center of the
cylinder. If the relationship between the positions at
which the hologram strips are recorded corresponds to
the angular relationship at which the cinema frames .
were exposed, and if the angle of convergence of the
cylindrical wavefront formed by the lens-beamsplitter
§4 corresponds to the angle of view of the cinema cam-
era that recorded the cinema frames, then the synthe-
sized holographic image appears undistorted. Rela-
tively major departures from exact angular correspon-
dence can produce subjectively acceptable images.
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Another embodiment of the invention, capable of
synthesizing strip-multiplexed holograms without a
reference beam, is illustrated in FIG. 2. Therein, a holo-
graphic diffraction grating 80 is contact printed by the
object beam onto the holographic recording medium
thereby producing a grating pattern on the holographic
recording medium 56 essentially indistinguishable from
the interference pattern produced by the object and
reference beams of the system of FIG. 1. Consequently,
the pattern recorded on the holographic recording me-
dium 56 is essentially identical for strip-multiplexed
holograms synthesized by either system. The holo-
graphic grating 80 is made in a system similar to that
shown in FIG. 1 by making a single exposure without
modulating the object beam, i.e., without any film in the
film projector 12. The single strip hologram thus
formed is identical to the image-bearing strip hologram
- formed by a single exposure on the system of FIG. 1,
except that the hologram formed in the system in FIG.
1 is spatially amplitude modulated according to the
intensity distribution in a cinema frame, while the holo-
gram made without cinema film in the projector con-
tains only the phase (direction) information which is
common to all of the strip holograms formed in the
system in FIG. 1. When an image is projected through
the holographic grating 80 onto the holographic re-
cording medium 56, the holographic grating 80 is con-
tact-printed onto the holographic recording medium 56,
but with the intensity distribution of the image modu-
lated object beam. The resulting amplitude modulated
holographic grating printed onto the holographic re-
cording medium is virtually indistinguishable from a
strip hologram synthesized by the system of FIG. 1. In
fact, the only material difference is a change in the
contrast of the image. With the system illustrated in
FIG. 2, a lens-beamsplitting is not required since a refer-
ence beam is not used. A cylindrical lens 82 can be used
instead of the lens-beamsplitter. In fact, if the anamor-
phic projection system 38 is made capable of projecting
an image as narrow as the holographic grating 80, the
cylindrical lens 82 may be dispensed with entirely. Al-
though the object beam is desirably formed by laser
radiation, it is not necessary to use a laser since any
sufficiently nondiffuse light source, such as a quartz-
halogen bulb, will produce satisfactory holograms.

A third embodiment of the system for synthesizing
strip-multiplexed holograms is illustrated in FIG. 3. The
system is functionally similar to the system illustrated in
FIG. 2 except that the object beam is modulated by a
video projection kinescope instead of a cinema film
projector. The video projection kinescope 90 includes
an electron gun 92 which directs electrons to the face of
the kinescope 90 in accordance with a signal produced
by a video camera (not shown) directed toward the
subject. The face 94 modulates the nondiffuse light
generated by the laser 24 so that the object beam pro-
jected by the kinescope 90 carries a nondiffuse image of
the subject. The image on the kinescope must be appro-
priately aligned with respect to the projection system,
of course. Light from the laser 24 is conveyed to the
kinescope 90 by a mirror 96 through a short focal length
lens 98 and a pinhole filter 100. The object beam emerg-
ing from the kinescope 90 immediately passes through
an anamorphic projection system consisting of a spheri-
cal lens 102 followed by a cylindrical lens 104 so that a
narrow, horizontally elongated beam is transmitted
toward the holographic recording medium 108
mounted on the transport 107. The narrow object beam
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is incident on a lens-beamsplitter 106 which reforms the
object beam into a substantially cylindrical wavefront
and reflects it 90 degrees to project it through a diffrac-
tion grating (105) onto a holographic recording me-
dium. Note that the lens-beamsplitting 106 does not
perform a beamsplitting function in this application.
Accordingly, an axially elongated cylindrical lens and
an elongated mirror in the same relative positions as the
lens and reflective surface in the lens-beamsplitter will
function equivalently to the lens-beamsplitter in- this
application.

The systems illustrated in FIGS. 1-3 synthesize holo-
grams that are properly viewed in a cylindrical geome-
try. That is, the hologram is bent into a cylindrical
shape and illuminated with a point light source on the
axis of the cylinder. The reason for this is that the light
illuminating the hologram for display purposes should
strike the hologram at the same angle with which the
reference beam strikes the hologram while the holo-
gram is being recorded. For the systems illustrated in
FIGS. 1-3, the reference beam strikes the hologram at
the same horizontal angle, i.e., 90 degrees, at all points
along the hologram. However, where a point light
source illuminates a flat hologram, the light strikes the
hologram at an angle that varies horizontally along the
hologram. Thus, in order to produce a hologram that is
properly displayed flat, the angle at which the reference
beam strikes the hologram must be varied during re-
cording. For this purpose, the reference beam projector
58 (FIG. 1) may be mounted on a motorized carrier so
that the angle of incidence of the reference beam may be
changed in small increments as subsequent cinema
frames are projected and the holographic recording
medium is advanced. One embodiment of a device for
performing this function is illustrated in FIG. 6. A refer-
ence beam projector 120 including a short focus lens
122, a pinhole filter 123, and a cylindrical lens 124 is
secured to a turntable 126 which is rotatably driven in
precisely controlled increments by a stepping motor
128. Laser radiation is conveyed to the short focal
length lens 122 preferably through a fiber optic wave
guide 130 of conventional variety. The stepping motor
128 is fixedly secured to a platform 132 which is slidably
secured to a pair of parallel rods 134,136 between a pair
of members 138,140. The platform 132 is moved along
the rods 134,136 by the rotation of a screw 142 which is
connected to a stepping motor 144 and hence rotatable
in small, precisely controlled increments. As the cinema
frames are sequentially projected and the holographic
film is advanced, the platform 132 moves from one
member 138 toward the other 140 and the turntable 126
rotates so that the reference beam projector directs the
reference beam at a different angle at each strip on the
hologram. For example, at the center of the hologram,
the reference beam strikes the holographic recording
medium 56 at 90 degrees while at one end it may strike
the holographic recording medium at a horizontal angle
of 45 degrees and at the other end at —45 degrees de-
pending on the width of the hologram and the location
at which the point illumination source is to be placed.
Thus, if the hologram thereby produced is six inches
wide, it is properly displayed flat by a point light source
placed three inches out from the center of the holo-
gram. The path of the cinema camera with respect to
the subject will, of course, affect the degree of distor-
tion with which the subject appears on the hologram. If
the cinema camera moves in a straight line past the
subject and always points in a direction perpendicular
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to the line of motion, the subject will appear virtually
undistorted. Since the shape of the holographic record-
ing medium, when it is properly displayed, preferably
corresponds to the path along which the cinema camera
moves relative to the subject, it can be seen that, given
knowledge of the camera’s orientation and path, a svs-
tem incorporating a movable reference beam projector
such as that illustrated in FIG. 6, for example, can be
used to synthesize a strip-multiplexed hologram of the
subject from the sequence of frames recorded by a cin-
ema camera moving along any arbitrary path relative to
the subject. For example, a versatile system could be
used to synthesize an accurate, relatively distortion free
strip-multiplexed hologram of Mars from a sequence of
photographs taken on a fly-by mission.

The distortion induced by using a point illumination
source for flat display of a strip-multiplexed hologram
synthesized without the use of a movable reference
beam is substantially equivalent to a lateral displace-
ment of the reconstruction of each strip hologram by an
amount that increases in a direction generally away
from the central region of the strip-multiplexed holo-
gram. This effect may be compensated by laterally dis-
placing each strip hologram’s image modulation rela-
tive to its phase (directional) modulation such that the
image modulation of each strip is displaced toward the
center of the strip-multiplexed hologram relative to its
grating pattern by an amount which increases with
distance from the center of the hologram. In practice,
the compensating lateral displacement of image modu-
lation as opposed to directional modulation may be
accomplished by several alternate means:

1. By slightly tipping the cinema camera horizontally
relative to the subject by an amount which increases
with the camera’s distance from the central position on
its path, in the case of straight line motion. This dis-
places each frame’s image in the frame.

2. By slightly laterally displacing the holographic
diffraction grating used in FIG. 2 by an amount which
increases with the number of the frame being exposed,
with the central frame considered to be the zeroth
frame, preceding frames considered to be negatively
numbered, and following frames considered to be posi-
tively numbered.

3. By slightly laterally displacing the anamorphically
projected frames in FIG. 2 by an amount which in-
creases with the number of the frame being exposed,
with the central frame considered to be the zeroth
frame, preceding frames considered to be negatively
numbered, and following frames considered to be posi-
tively numbered. This may be accomplished by means
of a beam displacement system such as an incrementally
rotatable, motor mounted prism positioned between the
. pinhole filter and the cinema film 14 in FIG. 2.

Holograms which can be displayed flat and illumi-
nated with a point light source can also be synthesized
by the system illustrated in FIG. 2 by varying the dif-
fraction grating contactprinted on the film in order to
simulate a reference beam which strikes the film at
varying angles as the hologram is made. In other words,
each hologram strip may be recorded using a different
holographic grating. This is accomplished by generat-
ing a sequence of holographic grating by utilizing the
reference beam projector illustrated in FIG. 6 while
projecting an unmodulated object beam from the object
beam projector 38 (FIG. 1). Each of the hologram strips
recorded from one side of the holographic recording
medium 56 to the other as the platform 132 moves from
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one frame 138 to the other 140, simulates the reference
beam striking the lens-beamsplitter 54 at a different
angle. A strip-multiplexed hologram is then synthesized
by projecting the cinema film while advancing both the
holographic recording medium 56 and the holographic
grating so that the strip-multiplexed hologram thereby
produced may be viewed flat with a point light source.
Alternatively, the same grating may be used at each
step, but slightly offset each time relative to the pro-
jected image to produce an equivalent effect. This
amounts to an approximate distortion-correction
scheme utilizing the fact that illuminating the grating
from the side produces a laterally displaced (slightly
rotated) projection of the diffracted image, while dis-
placement of the image modulation relative to the grat-
ing can displace the projection of the diffracted image
in an opposite sense.

FIG. 14 illustrates an assembly of conventional holo-
graphic grating 605 used in either transmission or reflec-
tion for contact printing phase information without
need for a reference beam. The gratings are mounted on
a transport mechanism 610 for selecting the particular
grating to be contact printed, and its position relative to
the image information. The gratings may correspond to
different colors, different reference beam positions, or
both as is well known in the art. A conventional unilat-
eral diffuser required for extending viewing angle or
producing monochromatic or black and white holo-
grams can be included holographically in the gratings.
Furthermore, when used as reflecting and transforming
means, the holographic grating assembly may be an
assembly of volume reflection holograms made with
one or more colors, singly or multiply exposed to form
from the incident image bearing beam a monochromatic
or multicolored reference beam configured so as to
generate a reflection hologram in the holographic re-
coding medium. If the volume reflection holograms in
the assembly are made using a nondiffused reference
beam and an unmodulated, vertically diffused beam, an
identically diffused image bearing object beam will
form a nondiffused reference beam upon reflection from
the volume reflection holograms.

The system for synthesizing strip-multiplexed holo-
grams may also be used to generate image plane holo-
grams. An image plane hologram is a hologram of a
focused image in which the image appears to be inter-
sected by the surface of the holographic recording me-
dium so that the image appears to extend both before
and beyond the holographic recording medium. One
technique for producing image plane holograms is to
perform an “image plane transfer” from a cylindrical
hologram produced on one of the systems illustrated in
FIGS. 1-3. The image plane transfer may be accom-
plished, for example, by the technique illustrated in
FIG. 7. A cylindrical hologram 160 is mounted on the
inside of a concave cylindrical mirror 162 and illumi-
nated by a laser 164 projected through a beamsplitter
166 and a lens system 168. A reference beam produced
by the beamsplitter 166 is projected onto the holo-
graphic recording medium 170 by mirrors 172,174 and a
reference beam projector 176. A real image of the sub-
ject appearing on the hologram 160 is formed at the
center of the cylinder by reflection and is projected on
the holographic recording medium. Alternately, instead
of mounting a hologram on a cylindrical mirror, a much
higher quality real image reconstruction may be ob-
tained by making the original hologram in a surface-
relief holographic medium, metallizing it to increase its
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reflectivity, and mounting resulting reflective surface-
relief hologram on the inside of a cylindrical surface for
reconstruction of its real image. Since the holographic
film 170 is mounted at the center of the cylinder 162, the
real image is recorded as a hologram. The resultant
image plane hologram is properly displayed flat and
illuminated with a point light source in a position corre-
sponding to the position of the reference beam projec-
tor 176 relative to the holographic recording medium
170.

. A technique which is much more practical in most
cases for generating image plane multiplexed holograms
requires a cinema studio technique which may be
termed ‘“camera perspective transfer”, illustrated in
FIG. 10. A large vertical-axis cylindrical mirror, Fres-
nel cylindrical mirror, Fresnel cylindrical lens or like
means 312 is used during filming to shift the effective
viewpoint of the cinema camera 310 away from the
location of the camera lens to a point 316 in the plane of
the subject 314. The subject 314 may be mounted on a
carriage which moves along a path perpendicular to the
viewing axis of the camera 310 so that each frame of the
resulting cinema film is a view of a different portion of
the subject. The cinema frames (e.g., FIG. 11) will
usually not contain individually recognizable images
because they represent a viewpoint within the plane of
the subject and sometimes a viewpoint actually within
the subject itself; but when multiplexed into a hologram,
the composite image will be that of the subject, with the
image intersecting the hologram. By this means the
image may be placed in any position desired relative to
the hologram surface.

A mathematically equivalent but more difficult image
plane technique having significant advantages in many
non-studio applications including computer generated
imagery and landscape holography, is that of generating
a new sequence of cinema frames from the originally
recorded sequence such that a new set of perspectives
along the image plane 211 are generated for the new
sequence as illustrated in FIG. 8. This is accomplished
by a technique, termed “image perspective transfer”,
illustrated in FIGS. 8 and 9 in which the original cinema
film 190 is taken of the subject 192 by moving the cam-
era along a straight path 194 as illustrated in FIG. 9g, or
a circular path 196 as illustrated in FIG. 94, or in gen-
eral along any path. In reference to the case wherein the
camera moves along a straight path, the first frame 198
is taken at location 198’ with the camera facing perpen-
dicular to the camera path. The second original frame
200 is taken at location 200’ in the same manner as frame
198. Each of the frames in the original film 190 are
physically, optically, or otherwise, divided into a plu-
rality of vertical strips. Each frame of the new film 210
is composed of a single strip from each of the frames of
the original film 190 corresponding to the same location
212', 214' . . . on the image plane 211. Thus, new frame
212 contains that portion of each original frame 198, 200
. . . which show location 212'. The second new frame
214 contains that strip from each original frame which
shows location 214'. The frames of the new film 210 are
projected through the cinema film projector 12 (FIG. 1)
in the same manner as the original film 190 in order to
produce an image plane hologram.

The general problem of perspective transfer may be
viewed as follows:

Each frame of the original film 190 is essentially a
projection of the subject 300 in FIG. 9¢ through a point
302 on the path 304 of the camera. Similarly, each frame
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of the new film 210 is a projection of the subject
through another point 306 on an imaginary path to be
represented by the shape of the resultant strip-multi-
plexed hologram. Since every strip image on a strip-
multiplexed hologram corresponds to a point projec-
tion, the task in strip-multiplexing an image plane holo-
gram consists of forming the new frames 210 from the
information contained in the original frames 190. This is
accomplished by assembling each new frame from a
sequence of vertical strips, one taken from each original
frame. FIG. 9c illustrates the means of composing a new
frame, for example NFj, from a sequence of strips
NFj_n. .. NF;;, taken from the frames OFk_y . . .
OFk 4 N respectively.

The inventive system of FIG. 1, with such modifica-
tions as removing the beamsplitter portion of the lens-
beamsplitter 54, placing the reference beam projector
behind the holographic recording medium so that the
reference beam is incident on the opposite side of the
holographic film from the object beam and using a
transparent platen 74, may be used to synthesize reflec-
tion holograms as well as transmission holograms. The
resulting reflection hologram is viewed by illuminating
it from the same side of the film as it is viewed. Because
of the directional and spectral selectivity of reflection
holograms, it is desirable to place a unilateral diffusing
screen in front of the holographic recording medium in
this configuration in order to make the resultant image
viewable from all vertical angles. A unilateral diffusing
screen diffusely transmits light incident thereto along
one axis while nondiffusely transmitting light along an
orthogonal axis. The unilateral diffusing screen must be
oriented so that light is diffused only in the direction
parallel to the length of each strip hologram. A well
known example of a unilateral diffusing screen is a con-
ventional lenticular screen. This technique for synthe-
sizing reflection holograms, because of the color selec-
tivity of reflection holograms, is particularly well suited
to the synthesis of multicolor images by means of a
multicolor laser and color cinema film. Another tech-
nique for synthesizing reflection holograms without the
use of a reference beam is analogous to the system illus-
trated in FIG. 2. Instead of placing the holographic
grating 80 (FIG. 2) in front of the holographic record-
ing medium 56, a reflective holographic grating is
placed behind the holographic recording medium on
the opposite side from which the object beam is inci-
dent. The reflective holographic grating may be formed
in substantially the same manner as the holographic
grating 80 of FIG. 2, but using a medium which pro-
duces a surface-relief hologram, and using a unilateral
diffusing screen. The surface of the resulting hologram
is then metallized for optimum reflectivity. This reflec-
tive holographic grating then acts as a reflective analog
to the contact-printed holographic grating used in the
system of FIG. 2. The reflection hologram made by a
single blank-frame exposure using a multicolor laser
beam with the system of FIG. 1 modified to produce
reflection holograms may be used instead of a metal-
lized surface-relief holographic grating in this embodi-
ment, with the advantage that a single multicolor expo-
sure per colored cinema frame will suffice to produce a
multicolor reflection hologram. The holograms pro-
duced in this embodiment of the invention are reflection
holograms, equivalent to reflection holograms pro-
duced in the system of FIG. 1 using a reference beam
behind the film. Instead of a reflective holographic
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grating, it is possible to use a Fresnel reflector with the
same directional properties.

Although holographic film is the most common re-
cording medium for holograms, any of the other exist-
ing holographic recording media may be used instead.
Suitable media include photoconductor-thermoplastic
recording media, dichromated gelatin films, photochro-
mics, photopolymers, photoresists, and such devices as
the Itek PROM.

Multicolor reflection holograms may be synthesized
in accordance with the present invention as mentioned
above. Specifically, the hologram is formed in a system
similar to that illustrated in FIG. 1 with the reference
beam generator mounted on the opposite side of the
holographic recording medium 56 from the projector
12 so that the object beam is incident on the opposite
side of the film from the reference beam. A vertical,
unilateral diffusing screen placed close to the holo-
graphic recording medium, between the lens 82 (FIG.
2) and the holographic recording medium greatly in-
creases the vertical viewing range of the recorded im-
age. Because reflection holograms are generally color
selective, the image is monochromatic and the same
color as the laser light used to record the image if emul-
sion shrinkage is properly compensated for by well
known techniques. Therefore, when a three color laser
or three lasers of different colors are used in the system
of FIG. 1 with a rear reference beam and a unilateral
diffusing screen, a three color image is formed which,
with proper balance of the beam energies, is in multi-
color and may be viewed in white light.

A method of synthesizing multicolor transmission
holograms by means of the present invention is to use
the system of FIG. 1, but to substitute three separate
reference beam projectors on the same side of the film
as the cinema projector. Laser light of a different color
is directed to each reference beam projector, and the
three colors of laser light are combined into a single
beam in the image projection system. The resulting
hologram is ideally viewable with three different mono-
chromatic sources placed in positions corresponding to
the positions of the reference beam projectors relative
to the holographic recording medium, but white light
sources with colored filters are adequate for displaying
a reasonably good natural color holographic image.
This type of hologram, known as a coded reference
beam multicolor transmission hologram, and analogous
holograms are discussed in “Optical Holography” re-
ferred to above.

When a single movable reference beam projector is
substituted for the three reference beam projectors men-
tioned above, and a single color laser is used, and sepa-
rate exposures are made with the reference beam pro-
jector in slightly separate vertical positions, another
type of multicolor hologram results which gives vivid
multicolor effects when illuminated with a single white
light source.

In order to make multicolor transmission holograms
in a system employing holographic gratings as in FIG.
2, it is preferable to use a colored cinema film and three
separate holographic gratings made with three lasers
generating different color light in a system similar to the
one illustrated in FIG. 1 as described above. To gener-
ate the gratings, a unilateral diffusing screen is posi-
tioned between the holographic recording medium and
the lens-beamsplitter, and the reference beam for each
holographic grating is projected from a different verti-
cal position using a laser beam of a different color. The
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multicolor holograms are synthesized by making three
exposures for each strips, each exposure being made
with an object beam of a different color in conjunction
with the corresponding holographic grating. The resul-
tant hologram is a multicolor coded reference beam
hologram viewable by means of three colored light
sources placed in appropriate positions relative to the
hologram. In a directly analogous manner, multicolor
holograms may be made in a system similar to that
illustrated in FIG 2, but employing a reflective surface
relief holographic grating on the opposite side of the
holographic film from the projector.

A more convenient multicolor system is similar to the
system illustrated in FIG. 2, but employs a three color
laser or three colinear laser beams of different colors in
the object beam. A high efficiency single blank-frame
multicolor reflection hologram is placed beyond the
holographic film and in close proximity to it. This high
efficiency reflection hologram is made on a system
similar to that illustrated in FIG. 1, but with a unilateral
diffusing screen placed close to the holographic record-
ing medium between the lens and the holographic me-
dium. Dichromated gelatin is one of the suitable holo-
graphic recording media in this application. The holo-
grams made with this embodiment of the system using
color cinema film in the projector may be natural color
reflection holograms viewable by a point source of
white light placed in an appropriate position. A Fresnel
reflector may be used instead of a reflection hologram
in this application.

FIG. 12 illustrates a versatile system incoporating
capabilities for generating reflection, transmission, ach-
romatic, monochromatic, and multicolor holograms
with a wide range of display geometries including vari-
able size, variable shape, and variable illumination
source position. The system illustrated in FIG. 12 in-
cludes a conventional incoherent-to-coherent image
convertor 404 which permits input of images in the
form of video, film, or a real scene. In operation, an
image (e.g., a cinema frame) is focussed upon a diffusing
screen 401 by a film projector or other external means.
A lens 403 focuses the image on the diffusing screen
onto the input side of an incoherent-to-coherent image
convertor 404 which may be, for example, a commer-
cially available reflective liquid crystal/photoconduc-
tor “light valve”. The output side of the image conver-
tor is illuminated by laser light from a multiline laser 415
(e.g., a Krypton-Argon ion laser). Light from the laser
passes through a shutter 428 and a beamsplitter 411,
thence reflects off a mirror 410 and is diverged by a
conventional spatially filtered beam spreader 409. The
light then reflects off a large area beamsplitter 405 and
is incident upon the image convertor. Laser light re-
flected from the image convertor, now bearing the
image previously focussed upon the input side of the
convertor, passes through the beamsplitter 405 and the
cylindrical lens 406. Upon emerging from the cylindri-
cal lens, the image bearing beam diverges in the vertical
direction without changing its width substantially. The
image bearing beam continues through a thick glass
plate 407 mounted on a rotary transport mechanism 408.
As is well known in the art, the plate 407 is capable of
laterally displacing a light beam passing through the
plate 407. Accordingly, the image bearing beam may be
horizontally offset by altering the angular orientation of
the glass plate by means of the rotary transport mecha-
nism, thereby altering the position at which the beam
enters the lens-beamsplitter 419. The glass plate 407



4,411,489

15

thus serves as a means for controlling the spatial rela-
tionship betwen the image information and the phase of
the wavefronts recorded on the hologram. The image
beam converges to a vertical line focus near the surface
of the holographic film 427 carried by the holographic
film transport 418. Reference beam generators 416 may
be mounted at any height on the reference beam genera-
tor supports 417 and 421 and oriented to project one or
more reference beams onto the holographic film. The
system shown in FIG. 12 is arranged to make reflection
holograms, but will make transmission holograms if the
reference beam generators are moved to the other sup-
port 421. The reference beam path is from the beam-
splitter 411 to a diffraction grating 412 which splits the
multicolored laser light into its component colors.
Beam receivers 413 insert single color beams into opti-
cal fibers 414 which conduct the beams to the appropri-
ate reference beam generators 416. Alternatively, all
colors may be projected from a single reference beam
generator. A shutter 428 controls the exposure inter-
vals. A conventional unilateral diffuser 420 may be
inserted as shown to make transmission holograms
viewable in either monochromatic or white light, or
reflection holograms viewable over a wide vertical
angle. FIG. 13 illustrates a versatile system for synthe-
sizing strip multiplexed holograms without a reference
beam. It accomplishes many of the functions of the
system in FIG. 12, but is less vulnerable to the effects of
vibration and does not require highly coherent light.
The image carrying beam enters the cylindrical lens
463, passes through a glass block 464, and passes
through a diffraction grating 465, thereby forming a
contact print of the diffraction grating onto the holo-
graphic flim 418. The film 418 is moved by a transport
mechanism 451. Alternatively, a reflecting and trans-
forming means 460 may be used to record reflection
holograms in the holographic film. These conventional
reflecting and transforming mechanisms may include a
fresnel mirror structured to reflect the object beam
toward a predetermined point or volume reflection
hologram made so as to reconstruct a point source
when illuminated by an unmodulated object beam. The
same structure 460 may contain a plurality of relecting
and transforming means in adjacent strips, and be
mounted on a transport mechanism as is the diffraction
grating means 465.

The overall performance of any of the embodiments
of the invention may be improved by employing spatial
filters positioned at the foci of any of the lenses in the
projection system. The spatial filters enhance or sup-
press certain spatial frequencies in the image in order to,
for example, suppress the effects of the grain of the
cinema film or the graininess of a video image. The
grain, being of a certain typical size, is associated with a
certain band of spatial frequencies which can be filtered
out with a spatial filter in the “Fourier plane” of a
spherical lens through which the image is projected
with coherent light. Another useful application of spa-
tial filtering is edge enhancement by which the edges of
the image and other fine features appear brighter.

In all of the above-described embodiments, it is ad-
vantageous in some applications to provide a reference
beam which converges toward a point on the opposite
side of the holographic recording medium rather than
diverging from a point. This may be accomplished by
reflecting a diverging reference beam off a substantially
cylindrical concave mirror to redirect it into a converg-
ing beam. The advantage to be gained by use of a con-
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verging reference beam is that the resulting hologram
will focus the diffracted light into spectral bands in the
vicinity of the optimum viewing position, thereby pro-
ducing an image which appears to the observer to be
free of vertical color gradients. By choosing the point of
convergence of the reference beam, and by choosing
the distance from the image projector to the holo-
graphic recording medium, the optimum viewing posi-
tion may be predetermined from a wide range of possi-
ble positions.

One important advantage of the present invention
over previous systems is that it can easily be used to
synthesize holograms of a wide range of sizes without
altering the size of the lens-beamsplitter. This is accom-
plished simply by changing the anamorphic projection
system to project a beam having the desired height
either by changing the lenses or by altering the lens
positions, as in a zoom lens. Another important advan-
tage of the present invention over previous systems is
that, in the embodiment of FIG. 2 and in similar em-
bodiments not requiring a reference beam, the system is
virtually immune to environmental disturbances such as
vibration and temperature changes in contrast to previ-
ous holographic systems which, being essentially large
interferometers, are extremely sensitive to vibration and
temperature variations. One immediate result of this
advantage is that little or no settling time is required
between exposures, resulting in much faster synthesis,
or even realtime synthesis of a hologram. Another ad-
vantage is that coherent light is not required for synthe-
sizing holograms thereby facilitating the use of projec-
tion kinescopes and other image conversion systems as
the input media.

With the use of a video projection kinescope, such
applications as generating three-dimensional X-ray im-
ages for diagnosis as well as computer generated holo-
grams become more practical. Furthermore, the cost of
the hologram is substantially reduced since the cost of
the cinema film is eliminated.

Among the applications of the present invention are
the synthesis of strip-multiplexed holograms for jew-
elry, advertising displays, educational displays, bill-
boards and posters. Other applications are computer
generated 3-D imagery, 3-D motion pictures, 3-D X-ray
imagery, and 3-D imagery of the internal structure of
objects by the use of other types of radiation, such as
sound and subatomic particles.

The embodiments of the invention in which a particu-
lar property or privilege is claimed are defined as fol-
lows: :

1. A system for synthesizing strip-multiplexed holo-
grams, comprising:

image projection means for sequentially generating a

plurality of two-dimensional images in coherent
light;

anamorphic projection means for compressing said

images in a first direction and expanding said im-
ages in a second direction to form an elongated
object beam, said second direction being orthogo-
nal to said first direction, said anamorphic projec-
tion means being positioned directly beyond said
image projection means before said object beam
has significantly diverged;

reference beam generating means for generating an

elongated reference beam of coherent light;
holographic recording medium transport means for

sequentially advancing a holographic recording

medium in a predetermined direction by a prede-
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termined increment for each two-dimensional
image generated by said image projection means;
and

beam combining means spaced apart from said ana-
morphic projection means for transforming said
image beam into a substantially cylindrical wave-
front, superimposing said reference beam onto said
cylindrical wavefront, and projecting said cylindri-
cal wavefront and said reference beam together
onto said holographic recording medium such that
at least one strip hologram is recorded on said
recording medium for each of said two-dimen-
sional images to form a strip-multiplexed holo-
gram.

2. The system of claim 1, wherein said image projec-
tion means comprise a cinema film projector system
including cinema film transport means for sequentially
advancing a strip of cinema film in single frame incre-
ments past a fixed projection aperture, and illumination
means for projecting a beam of coherent light through
said projection aperture thereby projecting a beam of
coherent light modulated by the images on said cinema
film onto said anamorphic projection system.

3. The system of claim 1, wherein said image projec-
tion means comprise:

a video projection kinescope including electron gun
means directing electrons to the face of said video
projection kinescope in accordance with a video
signal; and

means for generating a beam of coherent nondiffuse
light and projecting it onto the face of said video
projection kinescope such that said face modulates
the coherent light in accordance with the electron
pattern on said face corresponding to said video
signal.

4. The system of claim 1, wherein said image projec-

tion means comprise:

an incoherent-to-coherent image convertor including
means for focusing a sequence of images onto the
input face of said incoherent-to-coherent image
convertor; and

means for generating a beam of coherent light and
directing it onto said image convertor such that
said image convertor spatially modulates said beam
of light in accordance with said images focused
onto the input face of said convertor.

5. The system of claim 1, wherein said anamorphic
projection means comprise a cylindrical lens placed
directly beyond said image projection means with the
axis of said cylindrical lens extending along said second
direction, said anamorphic projection means further
including a spherical lens placed beyond the focal
length of said cylindrical lens thereby causing said im-
ages to diverge along said second direction without
diverging substantially along said first direction.

6. The system of claim 1, wherein said anamorphic
projection means comprise a cylindrical lens positioned
beyond said image projection means, said cylindrical
lens having its axis extending along said first direction
whereby said image diverges along said second direc-
tion without diverging substantially along said first
direction.

7. The system of claim 1, wherein said anamorphic
projection means comprise a spherical lens followed by
a cylindrical lens having its axis extending along said
first direction thereby diverging said image in said sec-
ond direction without substantially diverging said
image along said first direction.
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8. The system of claim 1, further including means for
synthesizing holograms viewable flat without signifi-
cant distortion using a point light source comprising
reference beam control means for adjusting the angle of
incidence of said reference beam on said beam combin-
ing means as each image is recorded on said holo-
graphic recording medium such that the angle of inci-
dence of said reference beam on said holographic re-
cording medium for each strip hologram corresponds to
the angle at which said point light source strikes each
strip hologram when said hologram is displayed flat.

9. The system of claim 8, wherein said reference beam
control means comprise:

a mounting platform including means for moving said
platform along an axis substantially perpendicular
to the surface of said holographic recording me-
dium onto which said cylindrical wavefront and
reference beam are incident, said platform moving
in precisely controlled increments;

a turntable rotatably mounted on said mounting plat-
form including means for rotating said turntable in
precisely controlled increments; and

a reference beam projector fixedly mounted on said
turntable for projecting said reference beam onto
said beam combining means from a position con-
trolled by the position of said mounting platform
and at an angle controlled by the angle of said
turntable.

10. The system of claim 1, further including means for
synthesizing multicolor holograms comprising means
for moving said reference beam generator means for
controlling the angle at which a particular color com-
ponent of the recorded image is reconstructed.

11. The system of claim 1, further including means for
synthesizing multicolor holograms comprising a plural-
ity of reference beam generator means for projecting a
plurality of elongated reference beams of coherent light
of differing colors onto said beam combining means
while projecting coherent image beams of differing
colors onto the said beam combining means.

12. The system of claim 1, further including a spatial
filter placed at a point of focus of said object beam for
enhancing and suppressing predetermined spatial fre-
quencies in the two-dimensional images.

13. The system of claim 1, further including means for
laterally displacing the image modulation for each of
said strip holograms relative to its phase modulation
such that the image modulation is displaced in the direc-
tion of the center of the strip-multiplexed hologram
with respect to its grating pattern by an amount which
varies with distance from the center of said hologram
thereby generating a strip-multiplexed hologram which
may be viewed flat without substantial distortion when
illuminated with a point illumination source.

14. A system for synthesizing strip-multiplexed trans-
mission holograms, comprising:

image projection means for sequentially generating a
plurality of two-dimensional images of substan-
tially non-diffuse light;

anamorphic projection means for compressing said
images in a first direction and expanding said im-
ages in a second direction to form an’ elongated
object beam, said second direction being orthogo-
nal to said first direction, said anamorphic projec-
tion means being positioned directly beyond said
image projection means before said object beam
has significantly diverged;
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an elongated diffraction grating placed in the path of
said elongated object beam, said diffraction grating
having a pattern corresponding to the interference
pattern between a coherent, substantially nondif-
fuse reference beam and a coherent, substantially
nondiffuse, cylindrical object beam; and

holographic recording medium transport means posi-
tioned directly beyond said diffraction grating for
sequentially advancing a holographic recording
medium in a predetermined direction by a prede-
termined increment for each two-dimensional
image generated by image projection means such
that a strip hologram is recorded on said recording
medium for each of said two-dimensional images to
form a strip-multiplexed hologram.

15. The system of claim 14, wherein said image pro-
jection means comprise a cinema film projector system
including cinema film transport means for sequentially
advancing a strip of cinema film in single frame incre-
ments past a fixed projection aperture, and illumination
means for projecting a beam of substantially nondiffuse
light through said projection aperture thereby project-
ing a beam of substantially non-diffuse light modulated
by the images on said cinema film onto said anamorphic
projection means.

16. The system of claim 14, wherein said image pro-
jection means comprise:

a video projector kinescope including electron gun
means directing electrons to the face of said video
projection kinescope in accordance with a video
signal; and

means for generating a beam of substantially nondif-
fuse light and projecting it onto the face of said
video projection kinescope such that said face
modulates the substantially nondiffuse light in ac-
cordance with the electron pattern on said face
corresponding to said video signal.

17. The system of claim 14, wherein said image pro-

jection means comprise:

an image convertor including means for focusing a
sequence of images onto the input face of said
image convertor; and

means for generating a beam of substantially nondif-

- fuse light and directing it onto said image conver-
tor such that said convertor spatially modulates
said beam of light in accordance with said images
focused onto the input face of said convertor.

18. The system of claim 14, wherein said anamorphic
projection means comprise a cylindrical lens placed
directly in front of said projection means with the axis
of said cylindrical lens extending along said second
direction, said anamorphic projection means further
including a spherical lens placed beyond the focal
length of said cylindrical lens thereby causing said im-
ages to diverge along said second direction without
diverging substantially along said first direction.

19. The system of claim 14, wherein said anamorphic
projection means comprise a cylindrical lens positioned
beyond said image projection means, said cylindrical
lens having its axis extending along said first direction
whereby said image diverges along said second direc-
tion without diverging substantially along said first
direction.

20. The system of claim 14, wherein said anamorphic
projection means comprise a spherical lens followed by
a cylindrical lens having its axis extending along said
first direction thereby causing said image to diverge in
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said second direction without diverging substantially
along said first direction.

21. The system of claim 14, further including means
for synthesizing holograms viewable flat without signif-
icant distortion using a point light source comprising a
plurality of diffraction gratings mounted on transport
means for sequentially placing each of said diffraction
gratings in front of said elongated object beam, each of
said diffraction gratings corresponding to the interfer-
ence pattern between an unmodulated object beam and
a reference beam having a different angle of incidence
such that the diffraction grating thereby contact printed
onto said holographic recording medium for each holo-
gram strip corresponds to the angle at which light from
said point light source strikes each strip hologram when
said hologram is displayed flat.

22. The system of claim 14, including means for syn-
thesizing holograms viewable flat without significant
distortion using a point light source comprising means
for laterally displacing the image modulation for each
of said strip holograms relative to its phase modulation
such that the image modulation is displaced in the direc-
tion of the center of the strip-multiplexed hologram
with respect to its grating pattern by an amount which
varies with distance from the center of said hologram
thereby generating a strip-multiplexed hologram which
may be viewed flat without substantial distortion when
illuminated with a point illumination source.

23. The system of claim 14, further including means
for synthesizing multicolor holograms comprising a
plurality of holographic gratings, each having a grating
pattern corresponding to the interference between an
unmodulated object beam of a specific color and a refer-
ence beam of the same specific color such that the spe-
cific color for each of the plurality of gratings is differ-
ent, and means for positioning a predetermined grating
in the path of said elongated object beam for each expo-
sure.

24. A system for synthesizing strip-multiplexed re-
flection holograms, comprising:

image projection means for sequentially generating a

plurality of two-dimensional images in coherent
light;

anamorphic projection means for compressing said

images in a first direction and expanding said im-
ages in a second direction to form an elongated
object beam, said second direction being orthogo-
nal to said first direction, said anamorphic projec-
tion means being positioned directly beyond said
image projection means before said object beam
has significantly diverged;

holographic recording medium transport means

spaced apart from said anamorphic projection
means for sequentially advancing a holographic
recording medium past said object beam in a prede-
termined direction by a predetermined increment
for each two-dimensional image generated by said
image projection means; and

reference beam generator means for projecting an

elongated beam of coherent light onto the opposite
surface of said holographic recording medium than
said object beam is incident on, said beams being
directly opposite each other such that a strip reflec-
tion hologram is recorded on said recording me-
dium for each of said two-dimensional images to
form a strip-multiplexed reflection hologram.

25. The system of claim 24, wherein said image pro-
jection means comprise a cinema film projector system
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including cinema film transport means for sequentially
advancing a strip of cinema film in single frame incre-
ments past a fixed projection aperture, and illumination
means for projecting a beam of coherent light through
said projection aperture thereby projecting a beam of
coherent light modulated by the images on said film
onto said anamorphic projection system.

26. The system of claim 24, wherein said image pro-
Jjection means comprise: :

a video projector kinescope including electron gun
means directing electrons to the face of said video
projection kinescope in accordance with a video
signal; and

means for generating a beam of coherent light and
projecting it onto the face of said video projection
kinescope such that said face modulates the coher-
ent light in accordance with the electron pattern on
said face corresponding to said video signal.

27. The system of claim 24, wherein said image pro-

jection means comprise:

an incoherent-to-coherent image convertor including
means for focusing a sequence of images onto the
input face of said incoherent-to-coherent image
convertor; and

means for generating a beam of coherent light and
directing it onto said incoherent-to-coherent image
convertor such that said convertor spatially modu-
lates said beam of light in accordance with said
images focused onto the input face of said conver-
tor.

28. The system of claim 24, wherein said anamorphic

projection means comprise a cylindrical lens placed
" directly beyond said image projection means with the
axis of said cylindrical lens extending along said second
direction, said anamorphic projection means further
including a spherical lens placed beyond the focal
length of said cylindrical lens thereby causing said ob-
Jject beam to diverge along said second direction with-
out diverging substantially along said first direction.

29. The system of claim 24, wherein said anamorphic
projection means comprise a cylindrical lens positioned
beyond said image projection means, said cylindrical
lens having its axis extending along said first direction
whereby said object beam diverges along said second
direction without diverging substantially along said first
direction.

30. The system of claim 24, wherein said anamorphic
projection means comprise a spherical lens followed by
a cylindrical lens having its axis extending along said
first direction thereby diverging said object beam in
said second direction without substantially diverging
said object beam along said first direction.

31. The system of claim 24, further including means
for synthesizing holograms viewable flat without signif-
icant distortion using a point light source comprising
reference beam control means for adjusting the angle of
incidence of said reference beam on said holographic
recording medium as each image is recorded on said
holographic recording medium such that the angle of
incidence of said reference beam on said recording
medium for each strip hologram corresponds to the
angle at which said point light source strikes each strip
hologram when said hologram is displayed flat.

32. The system of claim 24, further including means
for increasing the vertical viewing angle of said reflec-
tion holograms comprising a unilateral diffusing screen
placed between the anamorphic projection means and
the holographic recording medium such that the object
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beam is diffused in the direction parallel to the longitu-
dinal axis of the elongated object beam, thereby forming
a strip-multiplexed reflection hologram viewable over
an extended range of vertical angles.

33. The system of claim 24, wherein said image pro-
Jection means projects coherent, multicolor images, and
wherein said reference beam generator means projects a
coherent, multicolor reference beam, and wherein said
image projection means and said reference beam gener-
ator means project the same set of colors, and wherein
the corresponding color components in the two means
are mutually coherent, thereby synthesizing multicolor
strip-multiplexed reflection holograms.

34. A system for synthesizing strip-multiplexed re-
flection holgrams, comprising:

image projection means for sequentially generating a
plurality of two-dimensional images of substan-
tially nondiffuse light;

anamorphic projection means for compressing said
images in a first direction and expanding said im-
ages in a second direction to form an elongated
object beam, said second direction being orthogo-
nal to said first direction, said anamorphic projec-
tion means being positioned directly beyond said
image projection means before said object beam
has significantly diverged;

holographic recording medium transport means
spaced apart from said anamorphic protection
means for sequentially advancing a holographic
recording medium past said object beam in a prede-
termined direction by a predetermined increment
for each two-dimensional image generated by said
image projection means, said holographic record-
ing medium transport means having a reflecting
and transforming means positioned on the opposite
side of said recording medium from said anamor-
phic projection means; and

means for reflecting said elongated object beam after
it emerges from the opposite side of the holo-
graphic recording medium, and transforming said
elongated object beam into another wavefront
having a shape and direction such that the interfer-
ence between the reflected, transformed wavefront
and the object beam forms a strip reflection holo-

- gram in the holographic recording medium, and
such that a sequence of such strip holograms re-
corded adjacently forms a strip-multiplexed reflec-
tion hologram.

35. The system of claim 34, wherein said image pro-

jection means comprise:

a video projection kinescope including electron gun
means directing electrons to the face of said video
projection kinescope in accordance with a video
signal; and

means for generating a beam of substantially nondif-
fuse light and projecting it onto the face of said
video projection kinescope such that said face
modulates the subtantially nondiffuse light in ac-
cordance with the electron pattern on said face
corresponding to said video signal.

36. The system of claim 34, wherein said image pro-

jection means comprise: ‘

an image convertor including means for focusing a
sequence of images onto the input face of said
image convertor; and

means for generating a beam of substantially nondif-
fuse light and directing it onto said image conver-
tor such that said convertor spatially modulates
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said beam of light in accordance with said images
focused onto the input face of said convertor.
37. The system of claim 34, wherein said anamorphic

projection means comprise a cylindrical lens placed -

directly beyond said image projection means with the
axis of said cylindrical lens extending along said second
direction, said anamorphic projection means further
including a spherical lens placed beyond the focal
length of said cylindrical lens thereby causing said ob-
ject beam to diverge along said second direction with-
out diverging along said first direction.

38. The system of claim 34, wherein said anamorphic
projection means comprise a cylindrical lens positioned
beyond said image projection means, said cylindrical
lens having its axis extending along said first direction
whereby said object beam diverges along said second
direction without diverging substantially along said first
direction.

39. The system of claim 34, wherein said anamorphic
projection means comprise a spherical lens followed by
a cylindrical lens having its axis extending along said
first direction thereby diverging said object beam in
said second direction without substantially diverging
said beam along said first direction.

40. The system of claim 34, further including means
for synthesizing holograms viewable flat without signif-
icant distortion using a point light source comprising a
plurality of reflecting and transforming means mounted
on transport means for sequentially advancing each of
said reflecting and transforming means, each of said
reflecting and transforming means producing a re-
flected and transformed wavefront corresponding to a
reference beam having a different angle of incidence
such that the interference pattern recorded in said holo-
graphic recording medium for each strip hologram
corresponds to the angle at which said point light
source strikes ecah strip hologram when said hologram
is displayed flat.

41. The system of claim 34, further including means
for synthesizing multicolor holgorams comprising a
multicolor coded reference beam holographic grating
having an interference pattern corresponding to a plu-
rality of reference beams of coherent, nondiffuse light
of differing colors.

42. The system of claim 34, further including a plural-
ity of said means for reflecting and transforming said
elongated object beam mounted on transport means for
sequentially placing each of said reflecting means on the
opposite side of said recording medium from said ana-
morphic projection means as the images are sequentially
recorded, each of said reflecting means configured such
that the reflected and transformed wavefront travels in
a direction corresponding to the angle at which light
from a point illumination source strikes each strip holo-
gram when said strip-multiplexed hologram is displayed
flat, so that the resulting strip-multiplexed holgram may
be displayed flat without distortion when illuminated
with a point light source.

43. The system of claim 34, further including means
for synthesizing holograms viewable flat without signif-
icant distortion using a point light source comprising
means for displacing the reflective means relative to the
elongated object beam by an amount which varies with
distance from the center of the strip-multiplexed holo-
gram so that said reflected and transformed beam trav-
els in a direction corresponding to the angle at which
light from a point illumination source strikes each strip-
multiplexed hologram when said strip-multiplexed ho-
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logram is displayed flat, so that the resulting strip-multi-
plexed hologram may be displayed flat without distor-
tion when illuminated with a point light source.

44. The system of claim 34, further including means
for synthesizing holograms with an extended vertical
viewing angle comprising:

a unilateral diffusing screen placed between the elon-
gated cylindrical lens and the holographic record-
ing medium such that the object beam is diffused in
the direction parallel to the longitudinal axis of the
elongated object beam; and

reflecting means to transform the diffuse object beam
into a substantially nondiffuse beam such that the
interference between the reflected wavefront and
the diffused object beam forms a strip hologram in
the recording medium, such reflecting means com-
prising a reflective hologram formed by the inter-
ference between a longitudinally diffuse cylindrical
wave and a nondiffuse reference beam, such that
the reflected and transformed beam is a reconstruc-
tion of the nondiffuse reference beam.

45. The system of claim 34, further including means

for synthesizing multicolor holgrams, comprising:
projection means utilizing a multicolor source of
nondiffuse light; and

reflecting and transforming means such that all color
components of the object beam are reflected and
transformed into the same predetermined shape
and direction, so that all color components of the
object beam are simultaneously recorded as super-
imposed strip holograms, thereby forming multi-
color strip holograms.

46. A method of synthesizing holograms, comprising:

providing a multiplexed hologram composed of a
sequence of individual holograms, each represent-
ing a particular view of an object from a particular
point away from said object;

reconstrucing a real image of said object by recon-
struction of said multiplexed hologram with coher-
ent light; and

recording a second hologram at a position within said
reconstructed real image such that the object beam
for said second hologram includes said coherent
light reconstruction of the real image of said first
multiplexed hologram, and such that said second
hologram includes object information correspond-
ing to a sequence of views of said object along a
line in the vicinity of said object.

47. A method of synthesizing image plane holograms,

comprising:

providing a first hologram synthesized in a surface-
relief holographic medium;

mounting said hologram on the inside of a cylindrical
surface;

providing a holographic recording medium adjacent
said first hologram with said holographic record-
ing medium passing approximately through the
center of curvature of said cylindrical surface;

directing a beam of coherent light toward a beam-
splitter, thereby creating first and second beams of
coherent light;

illuminating said first hologram with said first beam,
thereby creating a real image on a plane occupied
by said holographic recording medium; and

illuminating said holographic recording medium with
said second beam, thereby recording a second ho-
logram in which the image recorded on said first
hologram appears to be intersected by the surface
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of said holographic recording medium such that
the image appears to extend both before and be-
yond said recording medium.

48. The method of claim 47 wherein said first holo-
gram is a multiplexed hologram.

49. The method of claim 47 wherein the relief surface
of said first hologram is metallized to enhance reflectiv-
ity.

50. The method of claim 47 wherein said first beam
reconstructs said real image by reflection from said first
hologram.

$1. The method of claim 47 wherein said second
hologram is recorded on a flat detector intersecting said
real image. :

52. A method of synthesizing strip-multiplexed holo-
grams, comprising:

generating a sequence of images representing views

from a series of perspectives along a line in the
vicinity of the object; and

recording the images as a series of laterally spaced

strip holograms in a holographic recording me-
dium in order to form a strip-multiplexed hologram
whose surface corresponds to the locus of the
views represented by the sequence of images.

53. The method of claim 52, wherein the sequence of
images is generated by means of recording the images of
the object as reflected in a concave cylindrical mirror
which is relatively large compared to the object.

54. The method of claim 52, wherein the sequence of
images is generated by means of recording the images of
the object as reflected in a concave ellipsoidal mirror
which is relatively large compared to the object.

55. The method of claim 52, wherein the sequence of
images is generated by means of recording the images of
the object as reflected in an anamorphic Fresnel reflec-
tor which is relatively large compared to the object.

56. The method of claim 52, wherein the sequence of
images is generated by means of recording the images of
the object as transformed by an anamorphic Fresnel
lens which is relatively large compared to the object.

57. The method of claim 52, wherein the sequence of
images is generated by means of recording the images of
the object as transformed by a cylindrical lens which is
relatively large compared to the object.
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58. The method of claim 52, wherein the sequence of
images is generated by the procedure:

recording a first sequence of images of an object by
conventional means from a sequence of points
along a line relatively distant from the object; and

generating a second sequence of images from the first
sequence by the process of composing each of said
second sequence of images from vertical strips of
the images in said first sequence such that said
second sequence represents a series of views from
perspectives along a second line in the vicinity of
the object.

59. A method of synthesizing a hologram, compris-

ing:

providing a multiplexed hologram composed from a
sequence of holographic recordings of different
views of an oibject scene, said recordings being
substantially nonoverlapping and and substantially
contiguous, and said recordings further being ar-
ranged and configured such that upon illumination
with a reconstruction beam, said multiplexed holo-
gram generates a predetermined real image;

illuminating said multiplexed hologram with a recon-
struction beam and thereby generating said prede-
termined real image; and

recording as a second hologram the interference be-
tween light forming said real image and light in a
reference beam.

60. A method of making a hologram, comprising:

providing a cylindrical multiplexed hologram com-
posed from a sequence. of holographic recordings
of different views of an object scene, said record-
ings being substantially nonoverlapping and sub-
stantially contiguous, and said recordings being
further arranged and configured such that upon
illumination with a reconstruction beam, said mul-
tiplexed hologram generates a predetermined real
image;

illuminating said multiplexed hologram with a recon-
struction beam and thereby generating said prede-
termined real image; and

recording as a second hologram the interference be-
tween light forming said real image and light in a

reference beam.
* * * * *



